ABSTRACT BACKGROUND: Cerebrovascular trauma secondary to transorbital intracranial penetrating injury (TIPVI) is rare. Relatively benign initial presentation may mask the underlying life-threatening vascular injury in transorbital intracranial penetrations. The aim of this study was to evaluate clinical features and endovascular treatment of TIPVI.
bital penetrating intracranial injury (TIPI) is aparticular type of PHI in this regard, as the orbit forms a 'low-resistance' pathway for the more commonly encountered low-velocity injuries in daily life. [4] It represents an uncommon type of injury, [5, 6] it occurs more frequently in children, [7, 8] and its management has been reported to be a challenge. [9] Although uncommon, TIPI may result in grave complications such as cerebrovascular injury, central nervous system infections, cerebrospinal fluid fistulas, and venous thrombosis. [10] [11] [12] Among these complications, transorbital intracranial penetrating vascular injury (TIPVI) stands out as a risk factor for imminent death or disability. [13] Very limited data exist regarding the incidence and management of vascular injuries in TIPI. There are only a handful of cases of vascular complications after TIPI described in the literature. Due to their rare occurrence and diversity of mechanisms or patterns of such injury, [14, 15] no standards exist regarding the management of these injuries. This series aimed to reviewthe presentation and endovascular management of TIPI cases with vascular complications we encountered, which were treated by neurointerventional procedures.
INTRODUCTION
Penetrating head injuries (PHI) represent about 0.4% of head injuries. [1] Compared with closed head injuries, PHIs are usually more severe and result in higher mortality and morbidity. [2, 3] They have historically been seen in military settings, but over the past two decades, civilian cases of PHI have been reported more frequently. PHIs are usually high-velocity type in military settings and low-velocity type including predominantly accidental injuries in the civilian settings. [2, 3] Transor-
MATERIALS AND METHODS
This manuscript is related to cerebrovascular trauma secondary to low and high velocity transorbital intracranial penetrating injury. TIPI was described by Van Duinen [10] as entry of objects whose diameter is much smaller than the diameter of the anterior orbital opening, from the orbit into the intracranial space. He put forward that the orbital rim should remain intact, and he excluded high velocity injuries although he admitted that a clear cut-off between low and high velocity injuries is not clear. This point is also highlighted by other authors. [16] In his thesis about TIPI, Welman [17] also excluded high velocity injuries but included all penetrating trauma with an object that either traverses or is suspected to have traversed the orbital space. In this article, due to the lack of a clear distinction between high and low velocity impacts, [10] all penetrating injuries were included, provided that there was not extensive craniofacial injury and the penetrating injury primarily involved the compartment bordered by the skull bones forming the orbital walls. In this article, TIPVI is defined as vascular injuries caused by TIPI and includes traumatic aneurysms, caroticocavernous fistulas (CCF), cavernous sinus thrombosis and arterial occlusions. This is a retrospective review of six cases with TIPVI which the corresponding author encountered throughout his practice. In five of these cases, he was the primary operator for the endovascular treatment; however, in one patient, he was involved through case consultation and the third author was the primary interventionist.
All patients had a cerebral digital subtraction angiogram delineating the vascular injury and an endovascular treatment was attempted in all of the patients. Endovascular treatment was performed in all cases under general anesthesia and systemic heparinization via femoral percutaneous approach. In three cases treated by stents (stent grafts or flow diverter stents), patients were loaded with Clopidogrel and Aspirin at least 1 week prior to the procedure and patients were asked to continue antiplatelet medication for 6 months. For two of these patients who were above 50 kg (Case 4 and 6), the maintenance dose was 75 mg/day for Clopidogrel, 300 mg/day for Aspirin, and for the third patient who was 4 years old (Case 3) the patients family was asked to give the patient a quarter of a 75 mg tablet of Clopidogrel and 100 mg of Aspirin daily.
RESULTS
There were a total of six patients (1 female, 5 male) with vascular injuries secondary to transorbital intracranial injury. All except one were children; mean age was 13.3 years (range, 2-27 years). Only the adult case had a high-velocity injury (Case 6). Both of the young children (Cases 3 and 5) had an accidental injury with a knitting needle, and all the other patients had an assault with sharp objects or shot guns. One patient (Case 2) had an injury with multiple pellets that passed through both orbits resulting in bilateral open globe injury with no light perception vision. Otherwise, none of the remaining cases had a globe injury. Endovascular treatment was successful in Cases 2 to 6. In the first patient, it appeared very feasible to finish the endovascular procedure with deployment of a stent during the procedure; however, the patient was noncompliant with medical advice. In order not to put the patient under the risk of a thromboembolic event based on her anticipated noncompliance to antiplatelet medication after discharge, the procedure was aborted and the patient was followed. In four out of six patients (67%), the involved artery was occluded either intentionally or during follow-up, without any clinical consequences.
The following includes the pertinent findings of patients in this series:
Case 1-15-year-old female was assaulted and presented to the emergency department with a right orbital pellet injury and frontal lobe hematoma. After evacuation of frontal hematoma, based on the initial CT scan which showed a fracture in the right and left nasal superior orbital rim and multiple pellets in the cranium without major injury to the globe, vascular imaging was requested. Since the pellets in close proximity of the ICA precluded a thorough visualization of the artery on CT angiogram, an angiogram was performed to rule out a vascular injury. The cerebral angiogram revealed a 3 mm bilobulated traumatic cavernous aneurysm. An attempt for primary coiling of the aneurysm failed. Since the patient was not compliant with medical advice and stent placement would entail strict adherence to antiplatelet medication, it was decided not to proceed with stent placement and follow the aneurysm conservatively. One year follow-up angiogram showed a decrease in the size and lobulation of the aneurysm.
Case 2-A 16-year-old male presented to the emergency room after being shot through the orbit with a shotgun. On examination, there was bilateral open globe injury with no light perception vision and orbital soft tissue injury. He was also noted to have pellets in close proximity of the right internal carotid artery (ICA) on CT scan, which prompted a cerebral angiogram. On angiogram, there were 3 tiny aneurysms of the cavernous ICA and no evidence of a carotid cavernous fistula (Fig. 1a) . A repeat angiogram obtained after 8 days, on the day of the endovascular treatment of the aneurysms, showed interval enlargement of the aneurysms (Fig.  1b) . Selective coiling was attempted, but it was realized that the two of the larger aneurysms had coalesced within the cavernous sinus, still in the absence of a carotid cavernous fistula (Fig. 1c) . Stent reconstruction of the artery was unsuccessful and based on the presence of very good collateral flow through the Circle of Willis, the patient was treated with parent artery occlusion (Fig. 1d) . The patient's family denied a follow-up angiogram, patient had no significant neurologic deficits except for bilateral blindness at 6 months.
Case 3-A 4-year-old boy presented to the emergency room after an accidental injury caused by a knitting needle pen-etrating the right orbit. The needle was removed at the site of the accident. On examination, the entry wound was noted at the medial canthus. The patient had no neurologic deficit except for right abducence and facial nerve paresis. CT of the head revealed right retroorbital and subarachnoid hemorrhage. Since the patient had right pulsatile exophtalmus and subarachnoid hemorrhage, he underwent a carotid angiogram which revealed a right CCF (Fig. 2a) . The patient was treated endovascularly. A detachable balloon was navigated to the site of the fistula and inflated (Fig. 2b) . Due to the extent of the tear in the carotid artery, this was not sufficient to seal the site of the fistula. The wall defect was then covered by placement of two 4.5 mm polytetrafluoroethylene-covered stent grafts (Jomed, Helsingborg, Sweden) at the site of the fistula that resulted in immediate occlusion of the fistula without any procedure related complications (Fig. 2c) . Six month follow-up carotid angiography incidentally revealed interval occlusion of the right internal carotid artery and robust collateral flow through the Circle of Willis supplying the right ICA territory.
Case 4-A 16-year-old male was referred with complaints of headache. He had a history of a 'pencil injury' in the classroom three months before the presentation. The pencil entered the orbit superiorly without damaging the globe. There was no neurologic deficit, but the patient had signifi- Case 5-A 2-year-old girl had an impalement injury to her right eye with a knitting needle. The needle entered the anterior cranial fossa by passing through the orbital roof. A CT scan revealed focal subarachnoid blood between the frontal lobes anteriorly and the entry site of the needle (Fig. 3a) . She was neurologically intact and a decision was made to follow her closely without further intervention. Three days after the accident, she suddenly deteriorated. After a seizure, she developed drowsiness and left sided hemiparesis. A repeat CT scan was significant for a newly developed 3 cm hematoma at the location of the previous subarachnoid hemorrhage. CTA revealed a 6 mm pseudoaneurysm of the distal anterior cerebral artery (Fig. 3b) . The aneurysm was coiled (Figs. 3c,  d ), and then, the hematoma was evacuated surgically. At 2 months, there was recurrence of the pseudoaneurysm which was then treated with endovascular parent artery occlusion. There was no clinical sequela. The patient remained asymptomatic at 21 months after the accident without recurrence of the aneurysm on magnetic resonance angiography.
Case 6-A 27-year-old male was referred with complaints of headache, proptosis and redness of the right eye developing immediately after a gunshot injury through the inferomedial aspect of the contralateral orbit (Fig. 4a) revealed a right sided traumatic CCF (Fig. 4b) , which was treated with 2 covered stents (Jostent Graftmaster Abbott Vascular Inc, CA, USA). The first stent opened more distally than anticipated and to cover the proximal leak into the fistula a second one was placed. There was immediate occlusion of the fistula. At 4 months, the internal carotid artery was patent, the fistula was obliterated and the patient was asymptomatic (Fig. 4c) .
DISCUSSION
Vascular complications of penetrating brain injury include traumatic aneurysms, traumatic occlusions, subarachnoid hemorrhage, vasospasm, and traumatic fistulas. [10, 18] According to the recently published large series on vascular complications of penetrating head injury by Bodanapally et al., [13] true incidence of vascular injuries after penetrating head injury is not clearly known because this condition is associated with a high rate of mortality before patients are able to receive medical care. These authors state that the incidence among survivors ranges from 3 to 42%, and they emphasize that previous reports mainly focus on the aneurysms. Despite the contradicting epidemiologic and etiologic data about these aneurysms, [19] it is put forward that among all intracranial aneurysms, only 0.4 to 0.7 percent are traumatic and only one fifth of these traumatic aneurysms are secondary to penetration of the head. [18] The incidence of cavernous fistula secondary to penetrating head injury is even more obscure and appears to be even lower compared to aneurysms. [12, 20, 21] Periorbital penetrating trauma accounts for 30 to 50% of eye trauma, [22] but the penetrating object usually does not reach the brain. The occurrence of transorbital penetrating brain injury is, therefore, uncommon. [6] On the other hand, it is rare to encounter traumatic vascular injury after any kind of penetrating brain injury [19] so it is ostensible that TIPVI is very rare. As a matter of fact, in a series of 35 patients with penetrating orbitocranial gunshot injuries, no vascular injury has been noted. [23] In another study reviewing non-missile orbitocranial penetrations, only one case of a CCF and no aneurysms have been found. [24] Turbin et al. reviewed all cases of low-velocity TIPIs from 1980 to 2002 and could not find any traumatic aneurysms in the literature.
[2] CCF appears to be rare but still more common compared to aneurysms after TIPI. To date, some CCF cases have been reported secondary to TIPI. [10, 17, [24] [25] [26] The most comprehensive studies on TIPI include a book by Van Duinen published in 2000 [10] and a thesis by Welman presented in 2004. [17] It is quite likely that TIPI cases are included in large series of penetrating cranial trauma, [12, 27] but a distinct transorbital route is not defined in these large series. We went over the citations provided by Van Duinen [10] and Welman et al. [17] to search for the traumatic aneurysms secondary to low-velocity TIPI, and then, we also searched the literature from 1999 to date to find additional cases of low velocity TIPVI. We were able to identify only 15 documented cases during the last two centuries since the early 1800s. [10, 17, 19, [28] [29] [30] Interestingly, in four of these 14 cases, the anterior cerebral artery was involved, the internal carotid artery/anterior choroidal artery was involved in 4, we were not able to ascertain the exact location of the aneurysms in 7 cases from the data available. As for high velocity injury, we were able to identify only four cases of intracranial aneurysms/transections secondary to high velocity TIPI since 1999. [31] [32] [33] [34] All were "centrally" located; one on the anterior cerebral artery, two on basilar artery and one on M1 segment of middle cerebral artery. All the vascular locations listed above are "central" (that is to say close to midline) in location. This is contrary to the more commonly encountered "peripheral" location of vascular injury secondary to PHI in general. [19] In this series, all of the vascular injuries were central (internal carotid, anterior cerebral, proximal middle cerebral).
The three most frequent trajectories by which foreign objects penetrate the brain are through the orbital roof, the superior orbital fissure, or the optic canal. [5, 6] The most frequent path is via the roof of the orbit since the superior orbital plate of the frontal bone is fragile, and during the injury, patients extend their heads backwards, exposing the orbital roof. The next most common route is via the superior orbital fissure. The objects that enter the orbit at a low velocity are directed by the bony anatomy toward the superior orbital fissure. A third trajectory of penetration is the optic canal. [5, 6] Penetrating objects may have been directed centrally because of the funneling of low-velocity objects centrally as they can make their way into the skull through the low-resistance pathways mentioned above.
Superior orbital fissure penetration is more likely to result in lesions around cavernous sinus, [28] which are represented by cavernous sinus thrombosis or rarely carotid-cavernous fistula and very rarely, isolated cavernous aneurysms. In our literature search, we found reports on cavernous sinus thrombosis, [2] scattered reports on CCFs [17, 10, [24] [25] [26] and a scant number of ICA aneurysms around the cavernous portion of the ICA [10] secondary to TIPI. We are unaware of the occurrence of a case, regardless of the type or site of the trauma, similar to the one we presented in which there were coalescing aneurysms of the cavernous ICA secondary to multi-hole penetration of the ICA (Case 2). We think that cavernous sinus thrombosis secondary to the indwelling pellets concealed the multiple vessel wall defects of the ICA within the cavernous ICA, and as the thrombus around these defects resolved, there was coalition of the pseudoaneurysms within the sinus. Another interesting fact about this case was the presence of an asymptomatic small cerebral infarction in the distal cerebrovascular territory. Occurrence of cerebral infarcts as a sequela to penetrating ICA injury has been reported rarely in the literature. [35, 36] The clinical importance of TIPVI arises from the following: 1) The orbit is a pathway for low-velocity, small-sized objects to reach the brain, which was the case in five out of six patients in our series, and in three of these, the penetrating pen or knitting needle would be unlikely to enter the brain had the injury occurred in other parts of the skull. The effect of this low-energy injury may appear to be deceivingly local. [2] Again in five out of six of our cases, findings were confined to the orbitofacial region concealing the underlying vascular brain injury. At times, even the orbitofacial entry wounds of sizable penetrating objects may be missed in TIPI. [2, 37, 38] Furthermore, the globe, not uncommonly, is pushed sideways and the presence of vision as noted in some of our patients may provide false relief.
2) The incidence of vascular injury in TIPI may be too low for the emergency medicine physician or the ophthalmologist to bring to mind. 3) Cerebral arteries have very thin adventitia and no internal elastic lamina. Consequently, initially small traumatic pseudoaneurysm may quickly enlarge, rupture and re-rupture in 30 to 50% of cases causing mortality or significant morbidity. That is to say, TIPVI is a morbid injury without a straightforward diagnosis.
High-velocity objects like bullets tend to transect the vessels, and low-velocity penetrating injury is more likely to result in traumatic intracranial aneurysms. [33] Either high-velocity impacts or the secondary occlusion and/or dissection of vessels are more straightforward to diagnose. Since low-velocity objects can reach the cerebral vessels relatively easily through the orbit, a high index of suspicion is needed for detection of traumatic intracranial aneurysms due to low-velocity penetrating trauma. These lesions are insidious, [19] may result in the so called "talk and die" type of injury [22] or tend to rupture later in the subacute phase or even go into chronic phase undetected. Cases 2 and 5 are examples of enlarging/rupturing traumatic intracranial aneurysms, Case 1 is an example that was followed into the chronic phase.
The suggested management of TIPI is to leave the penetrating object in situ and immediately transfer the patient to a trauma or tertiary care center. [11] It was reported to be unsafe and unnecessary to delay vascular imaging in these cases. [12] Although TIPVI is not common after TIPI, detecting a vascular injury would be life-saving. We believe that given the widespread availability of multislice CT imaging, TIPI patients should undergo a cerebral CT angiogram in addition to a routine non-contrast head CT. Despite the fact that CT angiogram lacks the sensitivity of the digital subtraction angiogram (DSA), its ability to detect traumatic intracranial aneurysms is very accurate. [13] Risk factors for vascular injury include orbitobasal (including transorbital) entry site, subarachnoid or intraventricular hemorrhage, trajectory within 2 cm or less to the Circle of Willis [13] and blast injury with Glascow Coma Scale 8 or less. [39] These findings should prompt a DSA. Based on our case and our literature review, there appears a vulnerability of central arteries in TIPI. These arteries are the anterior cerebral, internal carotid, basilar and proximal middle cerebral arteries which should be well scrutinized on vascular imaging.
There is no standard treatment for TIPVI. Surgical and endovascular treatments and in selected cases, conservative management have been utilized. [19, 39, 40] We managed one aneurysm conservatively because the patient was not compliant with her medications including antiplatelet drugs. Selective coiling had failed and the tiny cavernous aneurysm had diminished in size during follow-up. Otherwise, for the most part, interventional treatment of cavernous injuries is endovascular. In this arterial segment, various endovascular techniques including selective occlusion with balloons or coils, placement of stents or stent grafts have been utilized for the treatment of non-traumatic lesions or those due to blunt trauma. [19, 40, 41] We found only one case of TIPVI treated endovascularly [19] but expected that favorable results obtained in other traumatic aneurysms will also hold true for TIPVI. The traumatic aneurysms within the subarachnoid space have been managed either surgically or endovascularly. [39, 19] As a traumatic cerebral aneurysm lacks an aneurysm wall and is actually a pseudoaneurysm confined by the surrounding subarachnoid clot, conventional clipping or coiling is associated with re-rupture or a high rate of recurrence. [39] Whenever feasible, we prefer to perform endovascular parent artery occlusion for these aneurysms. With improvements in stent technology, smaller stents and flowdiverter stents are available. These devices allow for the healing of the aneurysmal wall defect over the stent struts even in very fragile, dissecting type aneurysms [42] and decrease the rate of recurrences. We used a flow diverter in one of our patients and believe these devices will be used more frequently in traumatic intracranial aneurysms in the future.
One point to underscore is that repeat vascular imaging is critical in the management of TIPVI and other traumatic intracranial aneurysms. We suggest performing a repeat CT angiogram or DSA after an initially negative imaging study in high risk patients, which enables the physician to catch the aneurysms that had been concealed by the initial vasospasm or that had demonstrated interval growth. Regardless of the treatment modality employed, repeat vascular imaging is critical to detect recurrences in these lesions which are prone to recur without significant signs or symptoms. TIPVI is a rare but devastating complication of TIPI. Since low velocity injury may cause intracranial penetration and vascular damage without significant symptoms or findings, a high level of suspicion is needed to detect TIPVI. Vascular imaging should be used liberally in cases of TIPI. Transcatheter angiographic techniques allow for both unequivocal diagnosis and also treatment of TIPVI with good results.
